Sample preparation: P2-NaxCoO2 has been synthesized according to the following procedure [1] . CH3COONa and (CH3COO)2Co·4H2O (Na : Co = 1.6 : 2.0) are dissolved in distilled water and evaporated. The dried powder is calcined at 750 ºC for 5 h in the air, and is pressed into the form of disk. The disk is calcined at 790 ºC for 3 h in the air, and crushed into powder.
Thus the P2-NaxCoO2 powder has been obtained. The powder is pressed into a disk with the diameter of 20 mm and the thickness of 1 mm. The disk is sintered at 900 ºC for 24 h in the air. The composition obtained by inductively coupled plasma-mass spectroscopy (ICP-MS) is consistent with that by the Rietveld refinement of SXPD data before any chemical treatments.
Electrochemical analyses:
Measurements Figure   S6 ).The DC conductivity is measured by the two-terminal method using the digital multimeter (Fluke 115). The EMF are measured by the water vapor concentration cell.
The cell employs either the hydrogen-treated (at 300 °C for 30 min) NaxCoO2 disk, a proton-exchange membrane (Nafion NRE-212), or a hydroxide-exchange membrane (Tokuyama A201) as the electrolyte, which is sandwiched between a pair of Pt-loaded carbon sheets. One and the other sides of the cell are exposed to humid and dry O2/N2
(50/50 cm 3 min -1 ) gas at 30 °C, respectively.
In situ SXPD experiments and analyses:
SXPD experiments were performed at the RIKEN Materials Science Beamline BL44B2 [2] of SPring-8. The data were acquired using the Debye-Scherrer camera equipped with an image plate as the X-ray detector. The wavelength of incident X-rays (λ = 0.5002(1) Å)
is calibrated using a standard powder sample CeO2 by NIST. The temperature and humidity control cell made of glass capillaries ( Figure S1 ) is employed for in situ SXPD experiments. The X-ray beam was collimated by a double slit (0.5 × 1.0 mm 2 ). In situ SXPD data have been analyzed by the Rietveld method with the program SP [3] developed for SPring-8 powder diffraction data. The charge density analysis has been conducted by MEM with the program ENIGMA [4] . Electrostatic potentials and electric fields are visualized based on MEM charge densities. [5] The lattice parameter of CoO at t = 22 min, when its mass ratio reaches the maximum, is refined by the Rietveld method to be 4.26076(3) Å with a cubic structure (Fm-3m). The lattice parameters of Co(OH)2 at t = 644 min, when its mass ratio reaches the maximum, are refined by the Rietveld method to be a = 3.18395(3) Å and c = 4.65364(8) Å with a trigonal structure (P-3m1).
Raman spectroscopy:
Raman spectroscopy measurements employ NaxCoO2 disks before and after the hydrogen treatment at 300 °C for 30 min, and after its treatment followed by the humidification 
MD simulations:
Using the model based on the superionic-conductor (fourth) phase (Table S4) identified by in situ SXPD and Raman spectroscopy as the initial structure model, MD simulations have been performed with the New-RYUDO program [6] . The isothermal-isobaric (NPT)
ensemble is applied at a pressure of 0.1 MPa, in which the temperature is controlled by scaling the velocity of atoms in a system. The time step is 0. 
where rij is the distance between i-th and j-th atoms, Zi is the atomic charge of the i-th atom, e (=4.803×10 -10 esu) is the elementary electric charge, and f0 (=6.9490×10 -11 N) is the constant for unit adaptations between the terms. ai and bi are the repulsion term parameters related to the atomic size and the potential-curve stiffness, respectively. ci is the parameter of the molecular force term. The Morse potential is given by
where Dij, βij, and r 0 ij are the bond energy, potential-curve stiffness, and bond length between i-th and j-th atoms, respectively. The KKY2 potential is given by
where D1ij, D2ij, D3ij; β1ij, β2ij, β3ij; and r*ij are the bond energy; potential-curve stiffness;
and bond length. The three-body potential is given by
where θjik is the bond angle between rij and rik. fk, θ0, gr, and rm are the parameters to reproduce the angular portion of the covalent bond in a H2O molecule [7] .
The BMH and Morse potential functions in Equation 1 and 2 are used for the fourth P2-NaxCoO2 phase, whereas the KKY2 and three-body potential functions in Equations 3 and 4 are employed to reproduce H3O + in the fourth P2-NaxCoO2 phase [8] . The O-H bond generation and dissociation is treated based on the KKY2 potential. All parameters are listed in Table S5- and Na trajectory in Figure 5d are depicted by 13 and 38 atoms, respectively. The hydrogen treatment is followed by the exposure to the air with 30%RH and 27 °C, the duration of which is about 10 h. In the meantime, data measurements are conducted every18 min. Notice that the 002 reflection of P2-NaxCoO2 shifts to higher 2θ by the hydrogen treatment and then appears to return gradually after the humidification. and untreated NaxCoO2 disks. Each plot is measured at 25 °C and 50% RH. Before each measurement, the disk is exposed under each measurement condition for 1 h.
Hydrogen-treated NaxCoO2
Untreated NaxCoO2 Table S1 . Atomic sites, fractional coordinates x, y and z, occupancies g, and isotropic displacement parameters B of the first phase for P2-NaxCoO2, which have been obtained by the Rietveld analysis of the SXPD data at t < 0 min. The space group is P63/mmc (No. 194). Lattice parameters a and c, the composition, and the oxidation number calculated based on the composition are listed in Table 1 .
Notice that a small amount of electron is found at Na3 as a result of careful refinement. 0.53 (3) [a] The B parameters for Na1, 2, and 3 are maintained with an identical value while refined.
Atom
[b] The g parameters for Co and O are fixed at 1 in the final step since these values during the refinement process do not deviate from 1 within the error. [a] The B parameters for Na1, 2, and 3 are maintained with an identical value while refined.
[b] The g parameter for O is fixed at 1 in the final step since the value during the refinement process does not deviate from 1 within the error. [a] The B parameters for Na1, 2, and 3 are maintained with an identical value while refined.
[b] The g parameter for O is fixed at 1 in the final step since the value during the refinement process does not deviate from 1 within the error. 0.66 (6) [a] The B parameters for Na1, 2, and 3 are maintained with an identical value while refined.
[b] The g parameter for O is fixed at 1 in the final step since the value during the refinement process does not deviate from 1 within the error. 
